We investigated the association between 8 single-nucleotide polymorphisms (SNPs) at 3 genetic loci (CDKAL1, CDKN2A/2B and FTO) with type 2 diabetes (T2D) in a Uyghur population.
Background
The International Diabetes Federation (IDF) has reported that there were 382 million people living with diabetes worldwide in 2013, and this number is expected to rise to 592 million by 2035 [1] . Most people with diabetes live in low-and middleincome countries, where rapid changes in lifestyle have increased the prevalence of diabetes, cardiovascular diseases, and cancer, and these countries are expected to experience the greatest increase in cases of diabetes in the next 20 years. In 2010, the Chinese Center for Disease Control and Prevention (CDC) and the Endocrinology Branch of the Chinese Medical Association conducted a cross-sectional survey in a nationally representative sample of 98,658 Chinese adults with diabetes. The prevalence of diabetes in Chinese adults was estimated to be 9.7% using the 1999 World Health Organization criteria. However, when glycosylated hemoglobin (HbA1c) ³6.5% was included in the diagnostic criteria, the prevalence of diabetes in China was estimated to be approximately 11.6%, of which only one-quarter (25.8%) received treatment for diabetes, and only roughly one-third of those receiving treatment (39.7%) achieved adequate glycemic control [2] .
Xinjiang is located in the middle of the Eurasian continent occupying one sixth of the mainland. It is a multi-ethnic region where the Uyghur nationality comprises about 46% of the total population. In 2012, Yang et al. screened an Uyghur population of 4620 adults aged over 35 years and found that 6.23% had type 2 diabetes (T2D) [3] . Only 35% of these participants were aware of their diabetes, 7.3% were taking hypoglycemic agents, and 3.13% achieved blood glucose control. These data demonstrate an urgent need to develop effective strategies to improve prevention, detection, and treatment of diabetes in the Uyghur population.
Development of T2D can be attributed to the combined effect of genetic and environmental factors. Establishment of single-nucleotide polymorphism (SNP) databases, development and improvement of cost-effective high-throughput genotyping technology, and multi-center consortium large-scale genome-wide association studies (GWAS) is an effective method to investigate genetic susceptibility to T2D. By searching susceptibility variants across the entire genome in an unbiased, hypothesis-free manner, GWAS have successfully identified genetic loci robustly associated with T2D, the number of which has risen from just three in 2006 to approximately 70 today [4] . The first GWAS analysis for T2D was conducted in a European cohort in 2007. The study was initially conducted in 600 T2D patients and 600 control patients, and was followed by a related study of nearly 3,000 T2D patients and 3000 controls from an independent European cohort [5] . This study identified 3 novel susceptibility genes associated with T2D including TCF7L2, HHEX/IDE and SLC30A8. Subsequently, a large number of T2D associated susceptibility genes have been characterized by GWAS, including the cyclin-dependent kinase inhibitor 2A/2B (CDKN2A/2B) gene [6] , the CDK5 regulatory subunit associated protein 1-like 1 (CDKAL1) gene [6] , and the fat mass and obesity-associated (FTO) gene [7] .
The HapMap Project has provided data for genome-wide SNPs in diverse populations such as Han Chinese and European residents. Nevertheless, the association between CDKN2A/2B [6] , CDKAL1 [6] and FTO [7] and T2D has not been verified in an Uyghur population. This study aims to investigate the genotype distribution of SNPs and to assess the association between gene polymorphisms and T2D in Uyghur adults. Furthermore, using multifactor dimensionality reduction (MDR), a nonparametric and genetic model-free method for detecting and characterizing nonlinear interactions between discrete genetic and environmental attributes [8] , the capacity of gene-gene and gene-environment interactions to predict T2D will be investigated. MDR has been successfully applied in studies investigating the etiology of diseases such as multiple sclerosis and T2D [9] . Lou et al. proposed a modified Generalized MDR (GMDR) method applicable to both dichotomous and continuous variables in population-based study designs, which improves predictive ability [10] . We will apply GMDR to provide information about the molecular pathogenesis of T2D in the Uyghur population.
Material and Methods

Study design
A case-controlled study of Uyghur patients with T2D and nondiabetic controls was conducted at the First Affiliated Hospital of Xinjiang Medical University between March 2012 and September 2013. Written informed consent was obtained from each participant prior to the study, and the protocol was approved by the Ethics Committee of the First Affiliated Hospital of Xinjiang Medical University.
Patients with T2D were recruited according to the following inclusion criteria: newly diagnosed T2D according to WHO criteria [11] , fasting plasma glucose (FPG) ³7.0 mmol/L, and/or oral glucose tolerance test 2 hour sample (OGTT-2h) ³11.0 mmol/L, or previously diagnosed T2D treated with hypoglycemic drugs where FPG and OGTT-2h levels were below the diagnostic levels. The exclusion criteria for the patient group included: patients with type 1 diabetes, or any wasting diseases such as viral infections, tuberculosis, cancer, mental illness, epilepsy, or acute inflammation.
Non-diabetic control patients were enrolled during health examination at the hospital during according to the following inclusion criteria: fasting plasma glucose <7.0 mmol/L, and/ or OGTT-2h <11.1 mmol/L, and without a history of treatment with hypoglycemic agents. The exclusion criteria included: any wasting diseases such as viral infections, tuberculosis, cancer, mental illness, epilepsy, and acute inflammation.
Subject clinical characteristics
Any previous diagnoses, current clinical characteristics and family medical history of all diabetic and non-diabetic control patients were recorded. Clinical characteristics included height, weight, body mass index (BMI), waist circumference at the midpoint between the lateral iliac crest and the lower edge of the ribs in the midaxillary line, and systolic and diastolic blood pressures. Peripheral blood samples were drawn from all subjects after fasting for 8 hours, with 4 ml of blood mixed with or without anticoagulants. The blood samples were centrifuged at 3500 r/min for 10 min within 2 hours of collection. Serum creatinine (Scr), uric acid (UA), fasting plasma glucose (FPG), triglycerides (TG), total cholesterol (TC), high density lipoproteins (HDL), low density lipoproteins (LDL), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were measured with qualified controls using a Hitachi 7600 automatic biochemical analyzer in the Clinical Laboratory of the First Affiliated Hospital of Xinjiang Medical University.
Hypertension was diagnosed according to the 2010 Guidelines for prevention and treatment of hypertension in China [12] . Coronary heart disease (CHD) was diagnosed by a cardiology specialist according to the 1979 WHO diagnostic criteria [13] , or according to a previous medical history of angina or myocardial infarction previously confirmed as CHD. Non-alcoholic fatty liver disease (NAFLD) was diagnosed according to the nonalcoholic fatty liver disease diagnostic criteria established in 2010 by the Chinese Society of Hepatology [14] . Dyslipidemia was diagnosed according to the Guidelines on Prevention and Treatment of Blood Lipid Abnormality in Chinese Adults established in 2007 [15] , or previous diagnosis of dyslipidemia and treatment with a lipid-lowering drug. Stroke was diagnosed according to the criteria established by the Fourth National Conference on cerebrovascular diseases in 1995 [16] .
Detection of SNPs within CDKAL1, CDKN2A/2B, and FTO Anticoagulated blood samples were stored at -80°C for DNA extraction using the iAUTOMAG DNA extraction system (BioTeke Corp., Beijing, China) following the manufacturer's instructions. The concentration and quality of extracted DNA was assessed by 1% agarose gel electrophoresis. Samples containing greater than 50 ng/μl DNA, an A260/A280 ratio (OD) between 1.8-2.0, and a clear band in gel electrophoresis were used for further analysis and transferred to 96-well plates and stored at -20ºC for later use.
Eight hotspot SNPs within the CDKAL1, CDKN2A/2B, and FTO genes were selected, including loci rs10946398, rs7754840 (CDKAL1), rs10811661, rs3088440, rs11515 (CDKN2A/2B), rs7195539, rs8050136, and rs9939609 (FTO). SNPs were detected by CapitalBio Corporation (Beijing, China) using the Sequenom MassARRAY®SNP technology with a genotyping success rate and accuracy >98%.
Sequenom MassARRAY®SNP detection
PCR reactions were carried out in 5 μl per well of a 384-well plate using 4 μl of PCR master mix, 20-50 ng template DNA, 0.5 U of Hotstar Taq, 0.5 pmol of each primer, and 0.1 μl of 25 mM dNTPs incubated at 94°C for 4 min; 94°C for 20 sec; 56°C for 30 sec; 72°C for 1 min; for 45 cycles and 72°C for 3 min. PCR products were treated with shrimp alkaline phosphatase (SAP) to remove free dNTPs and PCR was performed with 2 μl of SAP mix (SAP 0.5 U, buffer 0.17 μl) and 5 μl of PCR product at 37°C for 40 min and 85°C for 5 min. After SAP treatment, a single-base extension reaction was carried out with 7 μl of SAP-treated PCR product and 2 μl of EXTEND Mix (primer mix 0.94 μl, iPLEX enzyme 0.041 μl, and extending mixture 0.2 μl) at 94°C for 30 sec; 94°C for 5 sec; 52°C for 5 sec; 80°C for 5 sec; GOTO III, 4 more times; GOTO II, 39 more times; and 72°C for 3 min.
Purified extension products were loaded onto the 384 SpectroCHIP (Sequenom) chip using a MassARRAY Nanodispenser RS1000 spotter. The spotted SpectroCHIP chips were analyzed using matrix-assisted laser desorption/ ionization-time of flight (MALDI-TOF) mass spectrometry. All results were obtained using TYPER 4.0 software (Sequenom) genotyping.
Statistical analysis
All statistical analyses were performed using IBM SPSS 21.0 software (IBM Corp., Armonk, NY, USA). The Hardy-Weinberg equilibrium (HWE) of the control group was calculated to evaluate whether our samples were representative of a population. All normally distributed qualitative data are expressed as mean ± standard deviation, and comparisons between two groups were carried out using the t test. Abnormally distributed data are presented as median and quartiles, and groupgroup comparisons were conducted using the Wilcoxon rank test. Differences in qualitative data, SNP genotype or allele frequency were analyzed using the c 2 test. Logistic regression analysis was applied to evaluate risk factors associated with T2D, using co-dominant, dominant, recessive, additive, and over-dominant models for each SNP. ALT -alanine aminotransferase; AST -aspartate aminotransferase; BMI -body mass index; CHD -coronary heart disease; DBP -diastolic pressure; FPG -fasting plasma glucose; HDL -high density lipoprotein; LDL -low density lipoprotein; NAFLD -nonalcoholic fatty liver disease; SBP -systolic pressure; SCR -serum creatinine; T2DM -type 2 diabetes mellitus; TC -total cholesterol; TG -triglyceride; UA -uric acid; WL -waistline. There were no significant differences in age or sex between the diabetes and control groups (P=0.302, and 0.378, respectively; Table 1 ). The levels of BMI, WL, SBP, FPG, and ALT in the diabetes group were higher than those in the control group (P<0.05), whereas the UA, SCR, HDL, and LDL levels were lower in diabetic patients than in controls (P<0.05). The proportion of patients with a family history of diabetes, or hypertension, CHD, NAFLD, dyslipidemia, stroke, smoking, alcohol abuse or high pressure work environment was higher in the diabetes group than in the control group (P<0.05). However, the levels of DBP, TG, TC, and AST did not differ significantly between these groups (P>0.05) ( Table 1) .
Analysis of risk factors associated with type 2 diabetes in the Uyghur population
Univariate logistic regression analyses were conducted to analyze the variables associated with T2D, and multivariate logistic regression analyses were conducted to analyze the variables showing statistically significant differences in the univariate logistic regression analyses (Table 2) . Hypertension, CHD, family history of diabetes, FPG, TC, and HDL were independent risk factors for T2D (P<0.001).
Distribution of SNP genotypes in the Uyghur population
The Hardy-Weinberg equilibrium (HWE) test was performed to assess the genotype distributions of SNPs in the control group. The genotype distributions of 7 of the 8 sites in the control group were within HWE (P>0.05), indicating that these samples were representative of the Uyghur nationality. However, the genotype distribution of rs11515 did not fit the HWE in the control group (P=0.041), and was thus excluded from further analysis. Logistic regression analyses of genetic models of SNP genotype and allele frequency revealed statistically significant differences in the genotype distributions and allele frequencies between the diabetes and control groups within loci rs10811661 (CDKN2A/2B), rs7195539 (FTO), rs8050136 (FTO), and rs9939609 (FTO) (P<0.05), but not in loci rs10946398 (CDKAL1), rs7754840 (CDKAL1), or rs3088440 (CDKN2A/2B), (P>0.05; Table 3 ). The allele distributions in loci rs8050136 (FTO) and rs9939609 (FTO) exhibited significant divergence between the diabetes and control groups (P<0.05), and allele A was a common risk allele for both loci. 
Gene-gene and gene-environment interactions between SNPs and environmental factors
The SNP loci were assigned according to co-dominant markers and gene-gene interactions were evaluated by GMDR software (Table 4) . After adjusting for covariates including age, sex, BMI, hypertension, CHD, family history of diabetes, FPG, TC, and HDL, the two-locus interaction model rs10811661-rs7195539 appeared to be the best model, with a cross-validation consistency of 10/10, the highest balanced testing accuracy of 0.5483, and a P value of 0.011, which increased to only 0.014 after 1000 permutation tests. The gene-gene interactions in the best model are shown in Figure 1 .
Candidate variables for gene-environment interaction analyses were set as each SNP, family history of diabetes, smoking history, alcohol history and work pressure, whereas covariates were set as age, gender, FPG, hypertension, and CHD (Table 5 , Figure 2 ). The three-locus interaction model TG-HDL-family history of diabetes appeared to be the best model with a crossvalidation consistency of 10/10, the highest balanced testing accuracy of 0.7072, and a P value of 0.001, which was reduced to <0.001 after 1000 permutation tests. The second-best model was the four-locus interaction model of rs7195539-TG-HDLfamily history of diabetes, with a cross-validation consistency of 8/10, the highest balanced testing accuracy of 0.7002, and a P value of 0.001, which was reduced to <0.001 after 1000 permutation tests.
Discussion
Identifying individuals at risk for T2D is extremely important, as this allows the implementation of appropriate strategies to potentially prevent the occurrence of T2D and its systemic complications, including atherosclerotic cardiovascular diseases. It is notable that prediabetes and a family history of diabetes are both associated with impairments of the cardiovascular system and increased cardiovascular risk in the absence of overt T2D, highlighting the importance of identifying susceptible individuals before the disease develops [18] . It has been suggested that systemic inflammation and elevated blood glucose levels in prediabetes lead to microvascular and macrovascular disease that manifest as increased intimamedia thickness of the common carotid artery, reduced flowmediated dilatation, increased arterial stiffness and impaired coronary endothelial function [18] . The insulin resistance associated with a family history of diabetes is though to cause endothelial dysfunction through activation of the Ras/Raf/MAPK pathway, up-regulation of endothelin and its receptors, and reduction of NO levels, as well as increased intima-media thickness of the common carotid artery [18, 19] . Although several risk factors for T2D have already been determined, the discovery of new genetic markers will improve the identification of individuals predisposed to the development of this disease. This might help to reduce the burden of T2D on individuals and society through the use of screening and appropriate interventions in those at risk of developing the T2D.
Novel susceptibility genes that have been reported to be associated with T2D include TCF7L2, HHEX/IDE and SLC30A8 [5] , CDKN2A/2B [6] , CDKAL1 [6] and FTO [7] . This study aimed to analyze the association of CDKN2A/2B, CDKAL1 and FTO with T2D in a Uyghur population.
In a case-control study of 879 Uyghur patients with T2D and 895 age-and sex-matched healthy controls, we found that the genotype distributions of the SNPs rs10811661 (CDKN2A/2B) and rs7195539, rs8050136 and rs9939609 (FTO) differed significantly between the T2D and control groups. The allele frequencies of rs8050136 and rs9939609 also differed significantly between the two groups, and allele A appeared to be a risk allele for both SNPs. Genotype distributions of rs10811661, rs7195539, rs8050136, and rs9939609 differed significantly between genetic models, but rs10811661, rs8050136, and rs9939609 were eliminated after adjusting for covariates, and only rs7195539 differed significantly in both co-dominant and dominant models.
The physiological role of CDKAL1 remains unknown. The amino acid sequence of CDKAL1 is similar to that of CDK5-associated protein 1, which inhibits CDK5 by interacting with its p35 and p39 subunits [20] . Due to the regulatory effects of CDK5 on insulin secretion [21, 22] , CDKAL1 is suspected to influence insulin secretion by regulating the activity of CDK5. Currently, five noncoding SNPs within the CDKAL1 gene (rs4712523, rs10946398, rs7754840, rs7756992, and rs9465871) have been found to 
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associate with T2D; rs7754840 and rs10946398 exhibited the strongest association with T2D, with complete linkage disequilibrium (LD) between the two loci (r 2 =1.0) [23] . European carriers of the GC and CC genotypes of rs7754840 had lower firstphase insulin release than carriers of the GG genotype [24] . On the other hand, a study of Finnish men demonstrated that rs7754840 was significantly associated with T2D; hence CDKAL1 is thought to increase the risk of T2D by impairing insulin secretion. CDKAL1 locus rs10946398 was also found to be associated with T2D in a British population [25] , and rs10946398 was associated with T2D in a Han population in China [26] . Nevertheless, we did not detect a significant difference in Bold text indicates risk alleles. * Indicates a value after adjusting for age, sex, BMI, hypertension, coronary heart disease, family history of diabetes, fasting blood glucose, total cholesterol, and high density lipoprotein. CI -confidence interval; OR -odds ratio; SNP -single nucleotide polymorphism. Table 4 . GMDR analysis of gene-gene interactions between SNPs.
Bold text indicates the best model. P -adjusting for sex, age, body mass index, hypertension, coronary heart disease, family history of diabetes, fasting blood glucose, total cholesterol, and high density lipoprotein. * Indicates 1000 permutation tests. CV -cross-validation.
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these genotype and allele frequencies between T2D and control groups in a Uyghur population (P>0.05), indicating that the common susceptibility loci rs10946398 and rs7754840 in CDKAL1 were not associated with T2D in Uyghurs.
CDKN2A/2B is located on chromosome 9p21. Both are highly expressed in islet and fat cells, and CDKN2A is also expressed in brain cells. CDKN2A and B are tumor suppressor genes involved in cell proliferation, apoptosis and tumorigenesis, and encode CDK inhibitors p16 INK4a and p15
INK4b
, respectively, which inhibit CDK4 and CDK6 [27] . In a murine model, CDK4 influenced proliferation and quality of b cells, yet its activity was reduced by overexpression of CDKN2A, which in turn caused islet hypoplasia and diabetes [28] . CDKN2A/2B has been reported to be associated with the risk of T2D in a GWAS [6] . However, additional studies in Europe and Asia have both confirmed [26, [29] [30] [31] [32] [33] [34] [35] [36] and failed to detect [32, [37] [38] [39] an association between the rs10811661 polymorphism upstream of the CDKN2A/2B gene and T2D. In our study, the genotype distribution of rs10811661 differed significantly between patients in the diabetes group and those in the control group, suggesting that rs1088661 polymorphism may be associated with T2D risk in Uyghurs. The distribution of the rs1088661 genotype also differed significantly in co-dominant, additive Table 5 . GMDR analysis of gene-environment interactions between SNPs and environmental attributes.
Bold text indicates the best model. P -adjusting for sex, age, hypertension, coronary heart disease, and fasting blood glucose. * Indicates 1000 permutation tests. BMI -body mass index; CV -cross-validation; HDL -high density lipoprotein; T2D -type 2 diabetes; TG -triglycerides. 
484
and recessive models, indicating an increased risk of T2D in TT genotype carriers. Nevertheless, after adjusting for covariates, such as age, sex, BMI, hypertension, CHD, family history of diabetes, FPG, TC, and HDL, these differences were eliminated suggesting that the locus polymorphism might act via one of the covariates to impact the pathogenesis of T2D in Uyghurs. Several studies have found a correlation between the rs3088440 polymorphism in the CDKN2A/2B gene and the pathogenesis of malignant tumors, including elevated risk of salivary gland carcinoma [40] and melanoma [41] , but not the onset of cervical cancer [42] or differentiated thyroid cancer [43] . We found no significant difference between the genotype distributions and allele frequencies of locus rs3088440 between diabetic patients and controls in Uyghurs, suggesting that in this population rs3088440 is not associated with T2D.
The nucleic acid demethylation activity of FTO was hypothesized to regulate the expression of genes involved in metabolism, and dysregulation of this process may cause obesity [44, 45] ; however, the precise molecular mechanism responsible for this activity remains unclear. Loss of FTO function appeared to reduce appetite control, ultimately leading to obesity. FTO mRNA was found to be abundantly expressed in the brain tissue of wild-type mice, particularly in hypothalamic nuclei governing energy balance [46] . Thus, it is conceivable that the FTO gene may regulate the pathogenesis and development of obesity primarily through its impact on the energy center in the hypothalamus. Few studies have investigated the rs7195539 locus in FTO. Loci rs8050136 and rs9939609 have been reported to associate with T2D in multiple studies, yet there is some inconsistency. This association has been reported to be both mediated by BMI [25, 44, [47] [48] [49] and independent of BMI [50] [51] [52] [53] . In this study, the genotype distributions of loci rs7195539, rs8050136, and rs9939609 in the FTO gene differed significantly between the diabetes and control groups, implying that these polymorphisms are associated with T2D in Uyghurs. In addition, the allele frequencies of loci rs8050136 and rs9939609 differed significantly between the two groups with a common allele A. This indicates that Uyghurs with loci rs8050136 and rs9939609 containing allele A have an escalated risk of T2D. 
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The rs8050136 genotype distributions in co-dominant, additive and recessive models also differed significantly, and the genotype distributions of rs9939609 in co-dominant, additive, dominant, and recessive models differed significantly between the two groups. These results suggest that the risk of T2D is higher in Uyghurs carrying CA or AA genotypes at rs8050136 and/or TA or AA genotypes at rs9939609 than in those carrying the CC or TT genotype, respectively. Nevertheless, these variations were eliminated after adjusting for sex, age, BMI, hypertension, CHD, family history of diabetes, FPG, TC, and HDL, indicating that these SNPs are likely to influence the risk of T2D in Uyghurs by affecting BMI.
To date, few GMDR analyses of gene-gene and gene-environment interactions between the CDKAL1, CDKN2A/2B, and FTO genes and T2D have been reported. We found that, after adjusting for demographic and environmental factors, the success of the two-locus model rs10811661-rs7195539 indicated a potential association between these two loci and T2D in Uyghurs. The three-locus interaction model TG-HDL-family history of diabetes appeared to be the best model for analyzing gene-environment interactions after assigning SNPs, biochemical characteristics, family history of diabetes, smoking and alcohol history and work pressure as candidate variables, and age, gender, FPG, hypertension, and CHD as covariates. No gene-environment interactions were observed. The next best model was the four-locus interaction model of rs7195539-TG-HDL-family history of diabetes, suggesting that interactions among these factors may be associated with T2D in Uyghurs.
Conclusions
Our conclusions are somewhat limited by the relatively small sample size included in this study. We observed that rs11515 did not fit the HWE, which may indicate sampling error, and suggests that the control sample was not large enough to adequately represent the genetic diversity of the Uyghur population. We also did not employ a 1:1 matching strategy, so the T2D and control group were not precisely matched. Nevertheless, we observed that CDKAL1 gene polymorphism is unlikely to be associated with a risk of T2D in the Uyghur population. In contrast, CDKN2A/2B (rs10811661) and FTO (rs7195539, rs8050136, rs9939609) polymorphisms may be associated with T2D in this population. rs8050136 allele A and rs9939609 allele A were risk alleles for T2D in the Uyghur population. Furthermore, our analysis suggests that a CDKN2A/2B (rs10811661)-FTO (rs7195539) interaction, or an FTO (rs7195539)-TG-HDL-family history of diabetes interaction is relevant in determining T2D risk.
